Abstract: It is well-known that if the steady-state gain G(0) of a stable lumped system, with transfer function G(s), is positive, then compensating the system by an integral controller k=s, where k is a gain parameter, leads to a stable closed-loop system which achieves tracking of arbitrary constant reference signals, provided that the gain parameter k is positive and su ciently small. It is also well-known that this result extends to certain classes of di erential-delay and distributed parameter systems.
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In this paper we derive an adaptive version of the above result for the class of stable lumped systems with output delay, i.e. we show that the gain parameter k can be tuned adaptively, so that tracking is achieved for any system of this class. The resulting adaptive tracking controller is not based on system identi cation or parameter estimation algorithms, nor is the injection of probing signals required.
Keywords: Time-delay systems; integral control; robust tracking; adaptive tracking; frequency-domain methods. 1. Introduction In this paper we consider adaptive integral control of time delay systems. We emphasize that this paper is tutorial in the sense that it gives a self-contained treatment of a result which is a special case of a much more general theory presented in Logemann and Townley 1]. However, in 1] the approach is based on functional analysis and the theory of regular in nite-dimensional systems, whereas in this paper we use standard engineering mathematics.
The synthesis of low-gain I and PI-controllers for uncertain stable plants has received considerable attention in the last 20 years. For a stable single-input single output, lumped parameter system with positive steady-state gain, the main existence result on robust lowgain I-control says that there exists k > 0 such that for all k 2 (0; k ), the controller k=s is stabilizing and the resulting closed-loop system asymptotically tracks arbitrary constant reference signals. This result has been proved by Davison 3] If the plant uncertainty is large and/or if reliable step response data is not available then the gain parameter k has to be tuned adaptively. Low-gain universal adaptive I-controllers which achieve asymptotic tracking of constant reference signals for stable lumped plants have been presented by Cook 1] and by Miller and Davison 17, 18] . By \universal" we mean that the controllers are not based on system identi cation or parameter estimation algorithms. The controller given in 1] is smooth, while the control laws derived in 17, 18] are \piecewise-constant". The controller given in 18] satis es a control input constraint.
In this paper we consider the problem of low-gain I-control, and especially adaptive Icontrol, for stable lumped systems with output delay, which we will call stable time-delay systems. In Section 2 we consider non-adaptive I-control, both from an input-output point of view and also internally. The main result is that for small enough integral gain, the closed-loop H 1 -gain is equal to one. In Section 3 we consider the adaptive lowgain tracking problem for stable time-delay systems. We are motivated by the approach developed in 1]. However a straightforward extension of the main result in 1], to timedelay systems, is not possible. This is because the approach used in 1] relies on the Kalman-Yakubovich lemma and the existence of a generalized version of this lemma, in the context of time-delay systems, remains a di cult open problem. The basic idea used in 1] is to set the integrator gain k equal to ?p . Here is a parameter which is adjusted according to the adaptation law _ = e 2 , where e denotes the error signal in the feedback system, and p is any number satisfying 0 < p < 1. We show in Section 3 that the same idea works for stable time-delay systems, although the choice of p is restricted to 0 < p < 1=2. We illustrate our results in Section 4 by a simulation performed on a simple example.
We emphasize that this paper is tutorial in the sense that the main result in Section 3 follows as a corollary from a general theory for low-gain control of in nite-dimensional systems presented in a forthcoming article 11] by the authors. However, the approach developed in this paper is di erent to that in 11]. Indeed, whilst the approach in 11] relies heavily on functional analysis and the theory of regular in nite-dimensional systems (see Weiss 25] ), the present paper uses familiar control engineering mathematics and should therefore be accessible to a wider audience, in particular to researchers more interested in applications, rather than theory. We end the paper with Section 5 devoted to comments relating the results of this paper to our more general theory.
